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Abstract
In the present research, a novel mercury (II) metal organic coordination compound, [Hg(Q)I2]n  (Q =
pyridine-4-carbaldehyde thiosemicarbazide) with nano rods shape was prepared applying an ultrasonic
manner. The synthesized compound was determined with infrared spectroscopy (IR), scanning electron
microscopy (SEM), and X-ray diffraction (XRD). In solid state the coordination polymer takes the
appearance of a zig-zag 1D polymer. The coordination number of Hg (II) is four by one sulfur atom of
organic ligand and three iodine atoms which two of iodine atoms are coordinated to other repeating units,
and one of iodine is unattached. The zig-zag 1D chains interact with neighboring chains via poor
interactions, making a 3D supramolecular metal organic polymer.

1. Introduction
A coordination polymer is a metal-organic or an inorganic polymer structure that has metal cation centers
connected by organic ligands, and with repetitive coordination entities spreading in 1, 2, or 3 dimensions
[1–3]. Coordination polymers are related to several �elds like inorganic and organic chemistry,
pharmacology, electrochemistry, biochemistry, and materials science, having many useful applications
[4–7]. The coordination compounds due to their properties and applications have found a lot of uses in
whole life [8]. According to their composition and structure, we can classify it in different ways, such as
classi�cation to dimensional which is one of the important ways of Classi�cation [9, 10]. The
coordination polymer structure is very important due to its impact on the functionality of coordination
polymers. Its structure is based on the reaction conditions, the organic ligand’s structure, and the type of
metal [11].

Metals by various oxidation number, some inorganic counter and ions neutral organic ligands play vital
role in the structure’s stability and ultimate geometric topology. The network stability is affected by a
mixture of robust interactions such as metal-ligand coordination bonds, with noncovalent interactions
including supramolecular between units and hydrogen bonding. Coordination compounds are made of
building block units, the above mentioned ligands and metals. These units’ self-assembly aggregation
resulted in creation of these substances. Particularly this is very fascinating to cultivate them in 1D, 2D,
and 3D representing various features. The frameworks’ topology can be affected by utilization of solvent
as guest molecules [12–15].

Amongst different metal ions, mercury (II) has various attractive features making it a superior case as a
central ion for producing coordination polymer [16–18]. First, Hg possesses the d10 con�guration of
mercury (II) making the ion able to create a diverse mixture of geometries with adopting various
coordination numbers and thus generating various kinds of metal-organic coordination polymers [19].
The labile nature of mercury (II)-based complexes is the second feature and reversibility of the bonds
between donor atoms from the ligand and mercury (II) causes the crystals to be in highly ordered
networks, for instance, one dimensional, two dimensional, as well as three dimensional polymers,
becomes possible [20–22].
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Our team concentrated on the synthesis and design of metal organic coordination compounds. Recently,
we provided reports on the preparation of various nano metal organic coordination compounds [23–28].
Our next step in this regard is to assess the coordination behavior of mercury (II) with pyridine-4-
carbaldehyde thiosemicarbazide ligand. The organic ligand’s structural chemistry is particularly
fascinating owing to its multifunctional coordination manner (Scheme 1). A modest sonochemical
synthesis route is described for this metal organic coordination system’s nano-structure.

2. Experimental

2.1 Instruments and materials
All chemical compounds were bought from the Aldrich and Merck chemical companies. The IR
spectroscopy were acquired on a Bruker Vector 22 FT-IR spectrometer utilizing KBr disks in the limited
area of 400–4000 cm− 1. An Electrothermal 9000 apparatus determine the melting points. A multiwave
ultrasonic generator (Sonicator_3000; Misonix, Inc., Farmingdale, NY, the United States) was applied. A
X’pert diffractometer manufactured with Panalytical was used along with monochromatized Cu kα
radiation, to conduct X-ray powder diffraction (XPRD) measurements. Mercury 2.4 was utilized for
preparing simulated XPRD powder patterns in terms of single crystal data [29].

The selected samples’ crystallite sizes were determined utilizing the Scherrer formula. A scanning
electron microscope (Hitachi) was employed to assess the samples’ morphology after Au coating.
Gathering diffraction data for the single crystal was performed on an Xcalibur™ diffractometer (Oxford
Diffraction Ltd.) armed with a Sapphire2 CCD detector utilizing ω-scan rotation methods and Mo Kα

radiation (monochromator Enhance, Oxford Diffraction Ltd.) at 150 K. CrysAlis program package (Oxford
Diffraction Ltd.) was utilized to perform cell parameter re�nements, data collection, and data reduction
[30].

The Scherrer manner was used to estimate the selected samples’ crystallite sizes. An Au-coated scanning
electron microscope (Hitachi-4200) was employed to characterize the specimens.

To the data of [Hg(Q)I2]n, multi-scan absorption modi�cation merged into the CrysAlis was used. The
structure was solved within direct processes via a full matrix weighted least-squares technique (SHELX-
2014) (the weight of w = 1/[σ2(Fo)2 + (0.035P)2], P = (Fo

2 + 2Fc
2)/3), by SHELXS and re�ned on all F2 data

anisotropically. Molecular exhibits were made applying diamond and Mercury 2.4. The crystal data and
arrangement modi�cation for 1 are presented in Table 1, and Table 2 represents the designated bond
lengths and angles.

Preparation of pyridine-4-carbaldehyde thiosemicarbazide ligand (Q)

0.752 g of pyridine-4-carbaldehyde was dissolved in ethanol 98% in a 100 mL �ask and was added one
drop of acetic acid. Shortly after, was added 0.636 g of thiosemicarbazide little by little. As soon as the
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amine is added, the color of the solution changes to yellow, which indicates the creation of a Schiff base
ligand. Then, the solution with stirring was re�uxed for 12 hours. In the end, the crystals were �ltered then
rinsed with a small quantity of cold ethanol. Scheme 2 shows the Q ligand.

Preparation of [Hg(Q)I 2 ] n (І) complex crystals

0.019 g (0.1 mmol) of Q ligand and 0.046 g (0.1 mmol) of mercury iodide (II) were weighed and gently
placed at the bottom of the branched tube. Then the methanol solvent was softly added to the reaction
and the ori�ce of the tube was blocked with para�lm and placed in the oil bath at 60°C temperature. No
additional anion is needed in this reaction. After one week, the tiny yellow crystals of the complex formed
at the bottom of the lateral tube. The reactions performed for the [Hg(Q)I2]n complex is named (І). The
ratio of the ligand to the metal in this reaction is 1:1.

Figure 2 is a view of the synthesized crystals of the complex (І) taken by a microscope. Experiments show
the reproducibility of the reaction. The obtained complex monocrystals were structured, and their IR
spectra were obtained. The main peaks of its IR spectrum are as follows:

FT-IR (KBr): νmax = 811,1000,1299,1357,1568,232,3269,3380 cm-1.

Preparation of Bulk form of complex (I)

0.9 g of Q ligand with 0.227 g of iodide mercury (II) was poured into a small �ask and was added about
15 ml of solvent (methanol) to it, and we let it stirred with a magnet for at least 30 minutes to obtain a
Sediment. If there is no sediment, the system should be closed as re�ux system (for at least 2 hours) to
form a Sediment. In the tested system, sediment was formed at the same �rst time. Then we �ltered the
sediment and check the IR spectrum. The main peaks of its IR spectrum are as follows:

FT-IR (KBr): νmax = 648,812,1299,1357,1569,2933,3271,3382 cm-1.

Preparation of complex (I) nanostructures

To prepare the polyhedral nanostructures of this compound, a mixture of 0.18 g (0.1 mmol) of Q ligand in
10 ml of methanol solvent and 0.4544 g (0.1 mmol) of mercury iodide metallic salt in 10 ml of water
Distilled or methanol was exposed to ultrasonic waves for 30 minutes in an ultrasonic bath. The white
sediment was obtained and after puri�cation under rapid conditions by an air pump, it was dried in the
laboratory oven.

FT-IR (KBr): νmax = 648,813,1299,1358,1571,2941,3273,3383 cm− 1.

Table 1

Crystal data and structure re�nements of complex.
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Chemical formula C7H8HgI2N4S

Mr 634.62

Crystal system, space group Monoclinic, P21/c

Temperature (K) 150(2)

a, b, c (Å) 11.5117(5), 14.5972(6), 7.8441(3)

b (°) 92.859(2)°

V (Å3) 1316.47(9)

Z 4

Crystal size (mm3) 0.180×0.170×0.120

Theta range for data collection 1.771, 27.570°

Max. and min. transmission 0.7456, 0.5744

Rint 0.0252

(sin q/l)max (Å−1) 0.600

R,wR2 [I > 2s(I)] 0.0230, 0.0516

R, wR2 (all data) 0.0265, 0.0525

No. of re�ections 3038

No. of parameters 140

No. of restraints 0

Absorption correction Semi-empirical from equivalents

Dñmax, Dñmin (e Å−3) 1.956, -1.531

Goodness-of-�t on F2 1.199

Table 2

Selected bond lengths [Å] and angles [˚] for 1.
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S(1)-Hg(1)-I(2) 124.50 Hg(1)-S(1) 2/4847

S(1)-Hg(1)-I(1) 119.67 Hg(1)-I(2) 2/7081

I(2)-Hg(1)-I(1) 103.985 Hg(1)-I(1) 2/8037

S(1)-Hg(1)-I(1)#1 96.73 Hg(1)-I(1)#1 2/9940

I(2)-Hg(1)-I(1)#1 100.861 S(1)-C(1) 1/722

I(1)-Hg(1)-I(1)#1 107.915 N(1)-C(1) 1/308

Hg(1)-I(1)-Hg(1)#2 94.021 N(2)-N(3) 1/370

C(1)-S(1)-Hg(1) 107.20 N(2)-C(1) 1/337

C(1)-N(2)-N(3) 118.2 N(3)-C(2) 1/285

C(6)-N(4)-C(5) 116.6 N(4)-C(5) 1/353

N(1)-C(1)-N(2) 118.5 C(3)-C(4) 1/389

3. Results And Discussion

3.1. Investigation of Q ligand
In many carbazone ligands, enol-ketone tautomerization occurs. By tautomerization, hydrogen can bind
to sulfur on a nitrogen atom adjacent to thiocarbonyl ligand, and the ligand becomes negatively charged.
As shown in Scheme 3, this tautomerization can also take place in the Q ligand, and as a result, the
bonding of the ligand to the enolate form is observed in the formation of the complex.

Some physical characteristics of Q ligand are given in Table 3.

Table 3
Some physical characteristics of Q ligand

compound Molecular formula Molar mass color Melting point Yield (%)

Q C7H8N4S 180 g/mol cream 200 80 %

The obtained ligands were identi�ed using FT-IR spectroscopy. Figure 2 shows the FT-IR spectrum of Q
ligand.

The results of FT-IR spectroscopy show that the band related to the amide tensile vibration for the Q
ligand in the region of 3425.98 cm-1 is observed as a sharp band. The most important band observed in
the spectrum of Schiff base Q ligands belongs to the imine functional group and the hydrogen on the
nitrogen atom N3 of the ligands. Observing the band related to imine is proof of the formation of a Schiff
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Base product. The band corresponding to the imine νC=N for the Q ligand is seen as a sharp band in the

region of 1602.13 cm-1.

Due to the structure of the synthetic ligand and the observation of a hydrogen atom attached to the
nitrogen of the thiosemicarbazide, it is expected that this ligand will act as a neutral ligand by retaining
this hydrogen or act as an anionic ligand by losing this hydrogen. The related band νN-H.

For the Q ligand is observed as a sharp band in the 3162.34 cm-1 region. The peak corresponding to νC=S

for the Q ligand is observed in the region of 1703.36 cm-1. Due to the structure of the synthetic ligand, it is
expected that this ligand will act as a mono-dentate or di-dentate ligand. Scheme 4 shows the
coordination method of the synthetic Schiff base ligand to the metallic ion.

Investigation of complexes (І) and (II)

By reacting pyridine-4-carbaldehyde thiosemicarbazide organic ligand with a mixture of mercury (II)
iodide and methanol, the novel mercury (II) metal organic coordination compound [Hg(Q)I2]n was
organized. The compound’s nanostructure was obtained by ultrasonic irradiation within a methanolic
solution, then, the single crystalline substance was attained by utilizing the heat gradients to the reagents
solution or the branched tube route. Scheme 5 presented an outline of the routes applied for the
preparation of [Hg(Q)I2]n applying the two different methods.

Figure 3 shows the complex’s FT-IR spectra in the crystalline, bulk, and nano shape. Comparison of these
spectra shows their similarity and the corresponding main peaks have a good overlap with each other.

In the FT-IR spectrum of these compounds, absorption bands with varying intensities in the region of
1400–1600 cm-1 are attributed to the vibrations of the ligand pyridine ring, which is related to the C = C
and C = N bonds. Peaks related to imine C = N are seen as sharp bands in the region of 1600 cm-1, which
have shifted to lower wavenumbers by the coordination of the ligand to the metal and the formation of a
complex with little displacement.

The tensile N-H peaks in the vibrational spectrum of the complex are observed in the area of 3270 cm-1

and indicate the presence of the N-H group of the ligand when it is coordinated with the central metal, and
indicate the presence of the ligand in the neutral form in the formation of the complex. For all three
complexes, the related band of new C = N bond formation is not observed, and this proves that in the
formation of all three complexes Q ligand has participated in the form of ketones in the coordination of
metallic ion. The S = C group in the complex is observed in the area of about 1700 cm-1 with a slight
displacement which indicates that it is coordinated to the metal.

The N-N group is observed in the 1000 cm-1 area that this adsorption band is shifted in the spectrum of
all three complexes to lower wavenumbers than the spectrum of ligand, which indicates the lack of
coordination of the nitrogen atom of azomethine to the metallic ion. The decrease in νN-N in the
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absorption spectrum of the complexes is due to the decrease of bond property in the double bond, which
con�rms the coordination of the ligand through the sulfur of thiosemicarbazide to the metallic ion.

The results of these studies indicate that if ligand tautomerization takes place, the ligand participates in
the formation of complexes in the form of enol, and in the spectrum of complexes the absorption band of
νN-N is removed, and νC-N and νN-N shifts to higher numbers and a new C = N bond is created in the

wavenumber 1510–1560 cm-1. However, the observation of νN-N band in the spectrum of complexes
indicates that the ligand is not tautomerized in the solid-state and the presence of the ketonic form of the
ligand in coordination with the metallic ion.

The νC-H aromatic bending is observed in the area of 930 cm-1, and νC-C aromatic bending is observed in

the area of 1410 cm-1, and νC-H of the complex aromatic tensile in the area of 3170 cm-1 with a slight
displacement, indicating that it is coordinated to the metal.

As can be seen, there is a good match between the crystal, nanomaterial, and synthesized bulk in all
areas.

The experimental (obtained of the sonochemically prepared specimen) and simulated (achieved with the
single crystal arrangement of (I)) powder X-ray diffraction (XRD) patterns were compared and it was
proved that based on the crystal structure, the sonochemical manner-produced structured compound is
the same as the compound obtained with single crystal diffraction (Fig. 4).

Figure 5 demonstrate the nano rods found with scanning electron microscope. The coordination polymer
synthesized with the sonochemical has a very interesting structure. It contains cross-rods by thickness
25-30nm. Further investigations are required for the mechanism of this structure’s formation,
nevertheless, it may be caused by the complex’s crystal structure as a 1D chain. Indeed, packing the
structure over a molecular level might affect the morphology of the complex’s nano structure.

In Fig. 6, determining the structure by X-ray diffraction indicates that the complex (І) in the solid-state is
as a stepped one-dimensional coordination polymer. And the ligand has attached as the monodentate to
the mercury metal via the sulfur atom. This complex with Z = 4, is crystallized in the monoclinic crystal
lattice and belongs to the spatial group P21/c. The desired density is 3.3202 Mg/m3 and the crystal size

is 0.12×0.17×0.18 mm3.

a, b, c are equal to 11.51, 14.59, and 7.84 Å, respectively. Alpha and gamma are equal to 90º and beta is
equal to 92.85º. The crystallographic data of the complex are given in Table 4.
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Table 4
Crystallography data of the coordination polymer

  x y Z U(eq)

Hg(1) 4432(1) 8054(1) 4875(1) 21(1)

I(1) 3261(1) 6620(1) 6434(1) 18(1)

I(2) 3769(1) 9568(1) 6572(1) 19(1)

S(1) 6417(1) 7796(1) 3867(2) 16(1)

N(1) 6262(4) 5986(3) 4439(6) 21(1)

N(2) 7930(4) 6694(3) 5392(6) 12(1)

N(3) 8341(3) 5852(3) 5904(5) 12(1)

N(4) 10814(4) 3320(3) 8526(6) 20(1)

C(1) 6871(4) 6739(3) 4616(6) 13(1)

C(2) 9329(4) 5843(3) 6743(7) 14(1)

C(3) 9830(4) 4970(3) 7329(6) 14(1)

C(4) 9254(4) 4143(4) 7047(8) 20(1)

C(5) 9768(5) 3349(4) 7661(8) 23(1)

C(6) 11357(4) 4117(4) 8780(7) 18(1)

C(7) 10893(4) 4955(4) 8230(7) 18(1)

Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (2 x 103) for d1922a_a.
U(eq) is de�ned as one third of the trace of the orthogonalized Uij tensor.

In the unit cell view of this complex (Fig. 7), four structural units with repeating units can be seen that the
relationship between these structural units is through the Symmetric elements of screwy axes of 21,
sliding plates, and centers of symmetry. As shown in Fig. 8, the screwy axes 21 are parallel to axis b and
the two sliding planes are perpendicular to axis b. The centers of symmetry in the center of a unit cell
connect these units to each other.

In this structure, a type of mercury with an asymmetric coordination sphere is observed. In this
compound, each mercury central metal has attached to a sulfur atom of Q ligands and three iodine
atoms which two of iodine atoms are attached to other repeating units, and one of them is free.
Therefore, mercury has a coordination number of 4 with the HgSI3 pattern. In Coordination polymers (І),
Communication between structural units is through one bond of Hg-I which has located in bridge mode
that caused the formation of the polymeric structure.
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The longest bond length with a size of 2.99 Å is related to the Hg-I bond which is in the bridge position
and the shortest bond length with a size of 88 is related to the N-H bond. The molecule has no center of
symmetry and the lengths of the mercury-iodine bonds are not the same. Also, the angles around the
central metal atom are not the same in the coordination cortex, the angles for the three iodine atoms with
the central metal and the ligand are about 124.5˚, 119.67˚, 96.73˚. The Q Ligand is coordinated to the
central metal via sulfur of thiosemicarbazide and acts as a monodentate ligand in the polymer structure.
This compound in solid form is a one-dimensional coordination polymer. The polymeric structure of the
compound is shown in Fig. 9.

In coordination polymer, in addition to coordination covalent strong bonds which cause the polymer to
expand in a one-dimensional step, other weak interactions such as hydrogen interactions and aromatic
interactions cause the self-aggregation of one-dimensional chains and transform the structure into a
three-dimensional super molecule with intermolecular interactions.

The structure of the composition is a one-dimensional coordination polymer without considering weak
interactions. By considering the weak interactions, the presence of four hydrogen bonds for this structure
is observed and becomes a three-dimensional structure which in Fig. 10 show the structure of the
complex (І) with Considering the hydrogen bonds and short connections along the b and c axes. Table 5
also shows hydrogen bonds.

Table 5

Selected non-covalent contacts in the crystal structure of (I) [Å and ˚].

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)

N(1)-H(1NA)...I(1)#3 0.88 3.21 3.907 138.1

N(1)-H(1NA)...I(2)#4 0.88 3.15 3.753 127.6

N(1)-H(1NB)...I(2)#1 0.88 2.83 3.648 155.5

N(2)-H(2N)...N(4)#5 0.85 2.03 2.885 179

Figure 11 shows how the ligands coordinate with the central metal and create a zigzag structure for the
complex (І).

The decomposition of precursor [Hg(Q)(I)2]n in oleic acid functioning as a surfactant under air
atmosphere at 180°C yields nano-powder of Hg (II) oxide. The XPRD pattern of as-synthesized HgO nano
powder is seen in Fig. 12. All the diffraction peaks are matched well with the orthorhombic phase HgO
with respect to their positions as found in JCPDS card No. 72-1141.

Figure 13 displays the SEM image of as-prepared HgO nanoparticles. The obtained HgO has the regular
nanoparticle shape with diameters of around 20-100nm according to size distribution graph of product.
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The XPS spectrum (Fig. 14) con�rms the presence of O and Hg in the sample. The binding energy
corresponding to the peaks O1s, 4f7/2 and 4f5/2 obtained by XPS analysis is 531.05, 100.76 and 104.59
eV, respectively [31].

The thermal gravimetric (TG) analysis was applied to evaluate the thermal stability of the [Hg(Q)(I)2]n 1.
TG was recorded in the temperature range of 20 and 800ºC. The diagram of 1 display that the compound
remains stable up to 105ºC, and then decomposes up to 215 ºC. The �rst weight loss is related to
removal of iodide units. The step 2 and 3 in the range 285 ºC to 580 ºC with sharp weight losses is
attributed to organic moiety of 1 with a mass loss of about 46.8%. The remained solid around 800 ºC is
probably HgO.

4. Conclusions
A nano-structure mercuty(II) coordination compound, [Hg(Q)I2]n was prepared with ultrasound aided
procedure and it was compared with its crystalline structure. The structural characterization of new
coordination polymer was done with elemental SEM, IR spectroscopy, and single-crystal diffraction.
Determination of the compound’s crystal structure, composition of a central building block, and the
stereochemistry were revealed through [Hg(Q)I2]n creating the one dimensional coordination polymer in
the solid state. In the 1D network structure, the mercury (II) ion adopts HgSI3 distorted square pyramid
geometry. Thermolysis of coordination polymer 1 results in HgO nanoparticles. It was found that using
high intensity ultrasound is a facile, versatile, and eco-friendly synthetic instrument for the
supramolecular coordination compounds.
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Figures

Figure 1

View of the complex crystal (І)
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Figure 2

The FT-IR spectrum of Q ligand.

Figure 3
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The FT-IR spectra of the [Hg(Q)I2]n (І) complex in the crystalline (Red), bulk Green), and nano shape
(Purple).

Figure 4

XRD patterns of (a) computed from single crystal X-ray data of compound (I); (b) nano structure of
compound (I).

Figure 5
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SEM photographs of [Hg(Q)I2]n (I) nano rods.

Figure 6

The crystal structure of [Hg(Q)(I)2]n complex(І).

Figure 7

The [Hg(Q)(I)2]n Complex(І) unit cell structure.
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Figure 8

Representation of symmetric elements of complex (І) crystal along the axis C.
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Figure 9

Coordination (І) polymer structure.
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Figure 10

Complex (І) structure considering hydrogen bonds and short connections along axis b (top) and axis c
(bottom).
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Figure 11

Stacked structure of coordination polymer (I).
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Figure 12

XRD pattern of Mercury oxide prepared by decomposition of (1).

Figure 13

SEM photograph of nano mercury oxide (obtained by thermolyses of precursor 1).

Figure 14
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HgO XPS spectra obtained by thermolysis of 1.

Figure 15

TGA thermogram of [Hg(Q)(I)2]n.
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